I. Introduction
conventional rule defines the hypersonic regime as a flow where the Mach number is higher than 5. However, a hypersonic flow is best defined as a regime where certain characteristic physical flow phenomena become progressively more and more important as the Mach number is increasing. The main characteristic of hypersonic flow is that high kinetic energy is dissipated by friction occurring in the boundary layer. This energy is converted to high temperature, causing dissociation of gas molecules and even ionization. The thermal aspect of hypersonic regime plays a major role in the design of space vehicles and their thermal protection systems (TPS), to reduce local heat flux and to protect the vehicle from extreme aerodynamic heating. In some cases, the vehicle surface is ablated and complex hydrocarbon chemical reactions take place. This flow regime is characterized by a chemical reacting boundary layer. The density increase across the shock wave becomes progressively larger as the Mach number increases, making hypersonic vehicles surrounded by a thin shock layer. High temperature and chemical reactions contribute to the thinning of the shock layer. The consequence of a thin shock layer meeting a shock wave with strong curvature is the presence of strong entropy gradients, called entropy layer. The boundary layer grows inside the entropy layer with a strong vorticity and it is affected by the presence of the entropy layer. This interaction is called vorticity interaction 1 . The complexity of hypersonic flow regime is increased further when secondary flows are introduced by other means. For example, ablative materials used on thermal protection systems (TPS) of space vehicles experience release of pyrolysis gases, which might alter the flowfield and even the flight characteristics of the vehicles [2] [3] [4] . Gas injection into hypersonic crossing flow can also be done on purpose, for example to promote turbulence to avoid choking of scramjet inlets due to complex shock-shock interactions [5] [6] [7] . On the other hand, the injection of liquid (fuel) into crossing hypersonic flow inside a scramjet engine is another important field of application. The combustion efficiency of such engines depends strongly on the liquid jet penetration depth, atomization and the consequent mixing between the atomized fuel and the free stream air. Thrust vector controlling of missiles and transpiration cooling of the TPS of space vehicles are other typical applications of liquid injection into hypersonic crossflow [8] [9] [10] . The relatively thick boundary layer of a hypersonic flow regime plays a central role and thus a precise characterization of its state is very important for the design of a space vehicle. One of the main characteristics of the boundary layer is whether it is laminar or turbulent; with the main concern being the precise prediction of the aerodynamic drag. With the modern development of hypersonic vehicles, the efforts dedicated to the study of transition prediction have been intensified. Indeed, the convection heat-flux to the surface is a major issue for the design of a hypersonic vehicle and its TPS. In this view, boundary-layer transition can have a dramatic effect, increasing surface heat-load by a factor of more than three. The lack of reliable methods for accurate transition predictions obliges vehicle designer to use a conservative approach and thus to oversize the thermal protection system. An unexpected early transition can be caused by surface roughness or damaged tiles of TPS, resulting in disastrous accidents such as the Columbia space shuttle failure. Furthermore, turbulent transition has also an important impact on vehicle aerodynamic performances, affecting vehicle drag, inducing aerodynamic stability degradation, lateral trim loads increase and potentially large vehicle impact dispersions [11] [12] [13] [14] . Because of all these considerations, it is of utmost importance to understand the flow topology around a 3D rigid boundary (such as an isolated or distributed roughness element) within a hypersonic crossflow. The schematic view of the vortex system in the case of gas or liquid injection into high-speed crossflow is shown in Fig. 1 , where the most important aspects are the horseshow vortex, the vortex pair of the injected gas or liquid, and the reversed flow region just downstream of the injection point 8, 10 . The objective of this work is to characterize and make a comparison of the flow topology around gas or liquid injections, or around 3D rigid obstacles subject to hypersonic crossflow, including shock and vortex systems. Experimental work has been carried out for this purpose, with the main technique being flow visualization on a flat plate exposed to Mach 6 flow. 
II. Experimental Set-Up

A. Facility
Experiments are carried out in the H3 hypersonic wind tunnel of the von Karman Institute For Fluid Dynamics (Fig. 2) . Air supplied from a pebble-bed heater is blown down through an axisymmetric nozzle, yielding a uniform Mach 6 free jet of 12 cm in diameter. Stagnation pressure ranges between 20 and 30 bars (±0.3bar) with stagnation temperature in the order of 500K (±20K). This leads to a range of unit Reynolds number between 15x10 6 m -1 and 25x10 -6 m -1 . Optical access is ensured by glass windows installed on both sides of the test section. The flat plate model to be tested is kept retracted before the test to avoid blockage of the wind tunnel and also to avoid excessive heating of the model during start-up. The test chamber is vacuumed prior to the test using a supersonic ejector. The model is injected into the flow field with a model injection arm, once the Mach 6 flow is fully established in the test section 15 .
B. Flat Plate Model
The model is a 210mm long and 100mm wide flat-plate. The leading edge has a 0.5mm radius curvature. The flat plate model consists of two different materials; the main structure and the leading edge region are made of steel for assuring a good stiffness and resistance while the top layer is made of plexiglas (Polymethyl-Methacrylate -PMMA) from 30mm downstream of leading edge to the end of the plate. A schematic view of the flat plate is shown at Fig. 3 , where the point indicated as "roughness" is either the location of the 3D isolated rigid element, or the gas/liquid injection point.
Three different geometries of injectors utilized for liquid injection are a streamwise rectangular injector of 0.5mm x 1.6mm (aspect ratio=1/3), a circular injector of 1mm diameter (aspect ratio=1) and a spanwise rectangular injector of 1.6mm x 0.5mm (aspect ratio=3). The rectangular injectors' edges were rounded in order to obtain more uniform flow over the rectangle. The range of jet Reynolds numbers based on the jet exit diameter d and the exit velocity, varied from Re=11000 for low injection rates up to Re=28000 for the highest liquid injection rate. Figure 4 depicts a detailed view of the three injectors used during the investigation 9 . Only the 1mm diameter circular injector is used for gas injection tests. The two main 3D roughness geometries considered, the cylinder and the ramp, are described in Fig. 5 with their geometrical parameters and reference points. The cylinder has a diameter (a) of 4mm and a height (k) of 1mm; whereas the ramp geometry has a height (k) of 0.8mm and a frontal width (a) of 0.8mm 18 . 
C. Measurement Techniques
High-speed Schlieren photography, laser sheet imaging, oil and Acenaphtene sublimation visualization techniques have been systematically used during the investigations. All these techniques are basically dedicated to the study of the flow topology. Sublimation technique enables to highlight the regions of high surface heat flux while oil visualization show high skin friction regions.
Visualization of the flow shock pattern is performed by means of the Schlieren imaging technique 16 . A continuous point source of light is used in conjunction with parabolic and flat mirrors. The schlieren movies are acquired by the high speed camera, with a shutter speed as low as 50µs. A Phantom V7 High Speed Camera § , which is used for all high-speed photography during this test campaign, is equipped with an 8 bit resolution SR-CMOS 800x600 pixels sensor. It permits acquiring images at sampling rates, as high as 4800fps (frame per second) for full resolution, or up to a maximum of 150000fps for a reduced 32x32 pixels resolution. Oil flow visualization of liquid injection tests are recorded at a speed of 600fps.
The usage of oil flow visualization technique is very empirical and requires a lot of know-how and practice. This technique is particularly adapted to the case of "long duration" facilities such as H3 where the test conditions can be maintained during several seconds. Indeed, the oil is displaced on the model due to skin-friction and flows with the flow. At the end of the test, the remaining thickness of the oil is proportional to the skin-friction distribution and some skin friction lines are visible allowing flow structure interpretations. The visualization oil consists of a mixture of a titanium-oxide powder with oil whose viscosity is adapted to the problem. Better results have shown to be obtained with a titanium-oxide powder as thin as possible 5 . The prepared oil is painted on the model following an orientation perpendicular to the expected streamlines in such a way that the oil structures created during painting do not interfere with the flow pattern interpretation after test. This is mainly important in the low skin-friction regions where oil does not move. The oil used for H3 testing was viscous enough to allow a vertical mounting of the flat plate in the facility. A high resolution picture of the displaced oil pattern is taken after test while a high-speed video recording is also taken during the test using the Phantom V7 high speed camera.
The sublimation technique is very empirical and requires practical experience. The basic principle of the method is to apply a uniform thickness of a special sublimation paint on the model surface and expose it to the hypersonic flow. The paint starts sublimating proportionally to the local convective heat transfer rate, putting in evidence high and low heat-flux regions. Practically, the sublimation test procedure consist of first covering the model with a blue dye for increasing visualization contrast and then brush-painting with a mixture of acenaphtene dissolved into ether. Care is taken to impose a sublimation paint thickness as uniform as possible. The results are strongly dependent of the testing time that has to be adapted to the test conditions. Just like oil visualization tests, sublimation experiments are recorded using the Phantom high-speed camera.
The images of different cross-sections parallel to the flat plate model at several heights are obtained using a laser sheet illumination. An "Quantel Twins Ultra 180" MiniYAG laser at 100mJ energy level (at 532nm wavelength) is used at 15Hz pulse frequency. Cylindrical and spherical lenses are utilized to convert the 6.35mm diameter laser beam into a laser sheet. The laser sheet is placed at 5, 10 and 15mm above the flat plate by a traversing mechanism. The thickness of the laser sheet is 1mm, and the duration of one pulse is 11 nano-seconds. The high speed camera is placed above the wind tunnel to detect the signature of the liquid jet illuminated by the laser sheet. A Micro-Nikkor (Nikon) 105mm objective is used at an aperture opening of f1:11.
III. Gas Injection into Mach 6 Crossflow
Air is injected through 1mm diameter circular injector (see Fig. 2 and 3) into Mach 6 crossflow. Five different experiments are carried out at different injected air total pressure to freestream static pressure ratios (P R ). Pressure transducers are employed to measure the two pressures. The freestream total pressure is always kept at 20bar (±0.3bar) and total temperature at 500K (±20K), which corresponds to a freestream unit Reynolds number of § http://www.visionresearch.com/ Figure 6 . Shock and vortex system of gas injection into hypersonic crossflow; side view 16.8x10 6 m -1 . The typical features 17 that can be observed on a Schlieren photo are shown in the schematic view of Fig. 6 . Upstream of the injection point, the flow is separated due to adverse pressure gradient within the subsonic boundary layer. An oblique shock wave, emerging from the separation point, interacts with the bow shock just upstream of the injection point. Downstream of the injection point, it is possible to notice the Mach disk.
The post treatment of oil flow consists of measurements taken from the digital pictures recorded after each test. A schematic of the behavior of the supersonic jet within hypersonic flow is sketched in Fig. 8 , whereas a typical oil flow picture is shown in Fig. 7 . The oil flow pictures have been compared to theory, previous works and recorded Schlieren images. The location of the first line left of the plate corresponds to the location of the separation shock upstream of the jet. The position of the separation shock moves further upstream, as the jet injection pressure ratio increases. This is believed to be due to the increased penetration of the jet into the hypersonic cross flow with increased pressure ratio, and also due to the amount of blockage induced. The clean dark region starting upstream of the jet injection indicates the location of the horseshoe vortex. Similarly, the starting point of the horseshoe vortex region upstream of the jet moves further upstream, as the jet injection pressure ratio is increased. However, the displacement rates are different. The width of the wake has also been measured at different locations downstream of the injection point. It can be noticed that the width of the jet increases as the pressure ratio is increased, referring to the amount of blockage induced by a bigger jet into the flow. As the pressure ratio increases, the penetration of the jet increases, and the expansion of the under-expanded jet gets also bigger, resulting in a bigger sized oblique shock. Table 1 presents the test matrix and the main results of the five tests with gas injections at different pressure ratios, P R , ranging from 34 to 169. The geometrical parameters can be seen in Fig. 8 Table 1 . Typical error of the measurements presented in Table 1 is 4%. The secondary vortices are formed along the horseshoe vortex, starting further downstream than the horseshoe vortex itself. The location of the secondary vortices can be presented by the thickness (g -f), 60 mm downstream of the injection point. Both of the separation regions downstream and upstream of the injection point, become bigger as the pressure ratio is increased. The length of the separated flow region upstream of the injection point is almost tripled (a in Table 1 and in Fig. 9 ), whereas the one downstream is increased only 50% (d in Table 1 and Fig. 9 ). The starting point of the horseshoe vortex (b in Table 1 and Fig. 9 ) is pushed further upstream and the thickness of it (b-c in Table 1 and Fig. 9 ) is also increased by the increasing pressure ratio. However, the changes in the starting location and the width of the horseshoe vortex are only significant up to a pressure ratio of 100 (Case C), and do not change significantly for pressure ratios higher than 135. The thickness of the horseshoe vortex downstream of the injection point (f-e in Table 1 and Fig. 9 ) is independent of the pressure ratio.
IV. Liquid Injection into Mach 6 Crossflow
Oil flow visualization technique is applied to investigate the flow topology of liquid injection into Mach 6 crossflow, in comparison to Schlieren photography technique 9 . The effect of momentum flux (also referred as dynamic pressure) ratio, q=(ρ j V j 2 )/ (ρ ∞ V ∞ 2 ), and the effect of liquid injector shape are studied. In addition to the three injectors shown in Fig. 4 , a circular injector with 2mm diameter is also used. Typical oil flow visualization pictures of water injected through different injectors are shown in Fig. 9 , with the main topology presented in the schematic drawing of Fig. 10 . Although the quality of the oil is deteriorated significantly by the presence of water, it is still possible to detect the main lines describing the flow topology. Upstream of the injection point, the flow separates just like in the case of gas injection. The separation line, bow shock and the horseshoe vortex are similar for liquid and gas injection cases. Downstream of the injection point, the separated flow region is much bigger (twice or more both in width and in length) in the case of liquid injection compared to gas injection. Above this recirculation zone, fragmentation of the injected liquid 9 . This is a complex three dimensional flow field. Looking at the oil flow pictures (Fig. 9) , it is also possible to see the signatures of secondary vortices around this atomization and recirculation zone. Comparing the effect of injector shape, the 1mm diameter circular injector and streamwise rectangular injector have very similar flow topologies. Schlieren pictures indicate that liquid injected from a spanwise rectangular injector has a lower penetration height than circular or streamwise injectors 9 . Because of the increased amount of mass flow rate needed to have the same momentum flux ratio, the flow topology created by the 2mm diameter circular injector is different than the others. All dimensions, including distance of the separation line, the width and length of the recirculation zone downstream of the injection point, and the width of the wetted area are significantly higher for 2mm circular injector tests. This is because of the bigger obstacle created in the flow by higher mass flow rate of 2mm circular injector, which has a surface area that is four times bigger than other injectors'.
The distance of separation line from the injection point can be seen in Fig. 11 , for different injectors and for varying momentum flux ratio. As a general trend, the length of the separated flow region increases with increasing momentum flux ratio. Figure 12 presents two plots showing the width of the region influenced by the liquid at 30mm and 60mm downstream of the injection point. This is similar to distance e of Figure 8 . Again, the general trend is that the width increases for increasing momentum flux ratio. Because of the deterioration of the oil paint by the presence of liquid, there is a high uncertainty (around 15%) associated with these values presented in Fig. 11 and 12 . Thus, it is not feasible to compare the topologies of different injectors, although the general trend and the overall dimensions can be identified.
Another important observation is the existence and motion of a double vortex during the beginning phase of the tests with low momentum flux ratio (q ≤ 3). For all the tests of the experimental campaign, the flat plate is injected into the wellestablished Mach 6 freestream with the water valve open. The liquid jet is deflected by the aerodynamic force as soon as the model is injected. Exactly at this moment, the formation of a double vortex close to the injection point and its motion in the downstream direction can be observed. 
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The velocity of the double vortex structure decreases as it gets further away from the injection point. Figure 13 shows an image of the double vortex observed during a test performed with the streamwise rectangular injector ** . Oil flow visualization gives an idea of the flow topology on the wall of the flat plate model. However, knowing that the two phase flow field of liquid injection into hypersonic cross flow is indeed a complex three dimensional flow field, images of different cross sections are photographed using laser sheet technique. Tests are performed using 1mm diameter circular and spanwise rectangular injectors. Laser sheet is focused on planes parallel to the flat plate at heights of 5, 10 and 15mm. Although measurements 1mm above the surface are also performed for 1mm diameter circular injector, these measurements are not very reliable due to strong reflection from the surface of the flat plate model. Top-view images are obtained by high-speed camera. The intensity recorded by the camera is proportional to the population of water particles passing through the plane of laser sheet and reflecting light. The structure of a double vortex presented in Fig. 13 can also be seen clearly on some of the laser sheet images obtained using the spanwise rectangular injector. Figure 14 presents two images where two separate water chunks moving together are photographed at a height of 10mm above the flat plate for a momentum flux ratio of 2.18, indicating the presence of a double liquid vortex.
At least fifty images are used from each test to calculate the mean and standard deviation of the images obtained by laser sheet illumination. These images are used to estimate the width of wetted area 10mm and 60mm downstream of the injection point (refer to distance e shown in Figure 8 ). The unceratinty of these measurements are ±4 pixels or ±1.2mm, much less than the uncertainty associated with oil flow visualization technique. Figure 15 presents the width of wetted region 10mm downstream of both 1mm diameter circular (left) and spanwise rectangular (right) injectors, for q=2 and q=6 momentum flux ratios. The width of the wetted region decreases with decreasing momentum flux ratio and also with increasing height. The effect of momentum flux ratio is due to lower mass flow rate of liquid injected into the flow. As the measurement plane is moved higher from the flat plate, less water penetrates to that height, resulting in a lower width. Although it can still be observed that increasing the momentum flux ratio causes the width of the wetted area to increase at 60mm downstream of the injection point, the same conclusion can not be obtained for the measurement plane height. Figure 16 shows that the width of the wetted region increases at higher measurement planes. This can be explained considering the amount of liquid that penetrates to higher locations. According to Schlieren and back-lighted illumination measurements of Ref. 9, the penetration height of a q=6 water jet from a circular injector is twice more at 60mm downstream location compared to 10mm downstream location. The location of the liquid core (where the liquid phase population is maximum) goes upwards as well, with the increasing downstream distance. With more liquid carried upwards at a long enough downstream distance (such as 60d), the width of the wetted area also increases as the measurement plane is moved upwards. The last conclusion that can be obtained from the data presented in Fig. 15 and 16 is that the width of the wetted region created by the spanwise rectangular injector is higher than that of circular or streamwise rectangular injector, especially at locations close to the injection point. This conclusion is in agreement with the findings of Ref.
9.
V. Isolated 3D Roughness Element in Mach 6 Crossflow
The ramp roughness element, shown in Fig. 5 , is tested at the VKI-H3 wind tunnel facility, using both sublimation and oil flow visualization techniques. The sublimation (top) and the oil flow visualization (bottom) pictures are shown in Fig. 17 , whereas a close up view of the oil flow visualization close to the ramp element is presented in Fig. 18 . In both images of Fig. 17 , it is possible to detect the starting point of the secondary vortices, next to the main vortex pair 18 .
Secondary vortices Secondary vortices
Secondary vortices Secondary vortices Another 3D obstacle geometry that is studied is a cylinder with a diameter of 4mm and a height of 1mm (see Fig. 5 ). This geometry, which is significantly bigger than the ramp geometry, is preferred for comparison with liquid injection. Figure  20 presents the oil flow visualization (lower right corner) and sublimation photographs (bigger picture) of the Mach 6 flow past the cylinder obstacle. The oil flow picture stresses the skin friction contours, whereas the sublimation picture stresses heat flux contours. The colored lines on the sublimation picture, labeled as K between 30% and 110%, represent the heat flux measured experimentally using infrared thermography as a function of the theoretical turbulent heat flux level 18 . In other words, regions having K below 30% represent laminar flow, regions having K below 70% represent laminar-transitional flow, and regions having K above 70% represent transitional-turbulent flow. The extreme level of 110% is chosen to indicate regions that are fully turbulent, chosen to be higher than 100% on purpose in case of a possible mismatch between the experimental and theoretical turbulent heat flux levels. The 110% heat flux level is only observed in the close vicinity of the cylindrical element and up to five diameters downstream of it, on the sublimation picture of Fig. 20 . The symmetric distribution of 110% heat flux contours suggests presence of a vortex pair. In between and also downstream of 110% heat flux levels, one can observe a widening region covered by 70% (transitional) heat flux contour, which is a recirculation region. This recirculation region is also observed in the case of liquid injection (see Fig. 9 and 10) , although the dimensions are not identical. Further downstream of the recirculation region, one can notice the widening of the wake region, which is again similar to the case of liquid injection, and also the starting of secondary vortices, which is similar to the case of gas injection (see Fig. 8 and 17 ). † † Unpublished CFD computation of L. Walpot, AOES Group B.V., Leiden, The Netherlands 
VI. Conclusion
Flow topologies that are generated by the injection of gas and liquid into crossing hypersonic flow, and by the existence of 3D roughness elements in hypersonic crossflow are investigated and compared. Oil flow visualization, Schlieren photography, sublimation and laser sheet imaging techniques are employed for this purpose. The results of the experimental techniques are validated against each other, as well as against infrared thermography and numerical computations. The flow topologies of the three obstacles (gas, liquid, 3D) are observed to have many similarities, like the existence of a separation region and a bow shock upstream of the injection or roughness point, although the typical distances and dimensions of these flow topologies may vary depending on the nature of the obstacle and nondimensional numbers associated to the obstacles. Downstream of the injection or roughness point involves more complicated flow topologies. The downstream of the injection or roughness point is always dominated with vortices and recirculation regions. Occurrences of secondary vortices are typical with gas, liquid injections and 3D roughness elements, which might be the indication of laminar to turbulent transition. In the case of liquid injection, the flow field is very complicated due to the three-dimensional behavior of liquid phase, being fragmented, atomized and finally mixed with air. The occurrence and initial displacement of the liquid double vortex are observed in some of the high speed movies, as well as by the laser sheet imaging technique. Among the 3D roughness elements studied, the cylindrical element possesses very similar flow topology compared to liquid or gas injections. On the other hand, 3D ramp element has a unique flow topology, where one can observe the lifting off of the initial vortex pair, while generating a counter-rotating vortex pair attached to the surface.
